The thalamus is a sub-cortical gray matter structure that relays signals between the cerebral cortex and midbrain. It can be parcellated into the thalamic nuclei which project to different cortical regions. The ability to automatically parcellate the thalamic nuclei could lead to enhanced diagnosis or prognosis in patients with some brain disease. Previous works have used diffusion tensor images (DTI) to parcellate the thalamus, using either tensor similarity or cortical connectivity as information driving the parcellation. In this paper, we propose a method that uses the diffusion tensors in a different way than previous works to guide a multiple object geometric deformable model (MGDM) for parcellation. The primary eigenvector (PEV) is used to indicate the homogeneity of fiber orientations. To remove the ambiguity due to the fact that the PEV is an orientation, we map the PEV into a 5D space known as the Knutsson space. An edge map is then generated from the 5D vector to show divisions between regions of aligned PEV's. The generalized gradient vector flow (GGVF) calculated from the edge map drives the evolution of the boundary of each nucleus. Region based force, balloon force, and curvature force are also employed to refine the boundaries. Experiments have been carried out on five real subjects. Quantitative measures show that the automated parcellation agrees with the manual delineation of an expert under a published protocol.
INTRODUCTION
The thalamus is a symmetrical gray matter structure in the human brain that serves as a relay station for sensory information. It is divided into nuclei, many of which receive different sensory signals and, after some processing, send the signals on to particular parts of the cerebral cortex. Other nuclei receive input signals from the cortex and relay them to different cortical regions. The thalamus consists of about 50 nuclei, 1 a coarse grouping of which is illustrated in Figure 1 . Since nuclei-specific neurodegeneration is observed in some diseases, such as multiple sclerosis (MS), 2 the ability to automatically parcellate the thalamic nuclei could lead to enhanced diagnosis or prognosis in patients with brain disease.
Because conventional anatomic MR images do not provide sufficient contrast between the thalamic nuclei, previous published works on the thalamic parcellation have used diffusion tensor images (DTI). Apart from connectivity information, 3 most works have utilized tensor or fiber orientation homogeneity to parcellate the thalamus. [4] [5] [6] [7] [8] [9] Wiegell et al. 4 used the combined spatial location and raw tensor as the features in k-means clustering, requiring a manual identification of cluster-to-nucleus correspondence as the final step; Duan et al. 5 used a mean shift clustering instead of the k-means algorithm to improve the segmentation; Jonasson et al. 6 adopted a level set method to segment the nuclei using a region force defined by the similarity of the tensors on each nucleus; Rittner et al. 7 exploited the concept of tensorial morphological gradient and labeled the nuclei with a watershed method. In the work of Ziyan et al., 8 several similarity measures were compared and it is concluded that using the primary eigenvector (PEV) which represents the fiber orientation is sufficient to indicate the homogeneity and more accurate than the other choices for the task of the thalamic parcellation. Fan et al.
9 gave a first attempt to segment the thalamic nuclei with a multiple object geometric deformable model (MGDM) framework using the PEV on one subject without a quantitative validation. That work showed the potential for combining the MGDM framework and the PEV to accomplish thalamic parcellation. In this work, we propose a method for the thalamic parcellation within the MGDM framework 9 that utilizes the PEV in a way that is different than previous works. MGDM segments multiple objects simultaneously and efficiently and can keep object relationships fixed. It is also a flexible framework which allows the incorporation of various forces designed for different purposes. In our method, unlike the work of Ziyan et al. 8 and Fan et al., 9 the PEV is not used directly to represent the homogeneity and develop the forces. Firstly, we map it into a 5D space known as the Knutsson space 10 to eliminate the ambiguity brought about by the fact that the PEV is an orientation, not a direction. Then an edge map can be obtained from the 5D vector to show the divisions of the nuclei. Instead of seeking to segment regions that have similar fiber orientations, as in the work of Ziyan et al. 8 and Fan et al., 9 we make attempts to locate the boundaries of each nucleus on the computed edges. This is because some large nucleus can be composed of smaller nuclei which have different fiber orientations. If the PEV homogeneity is used directly, it is possible that the nucleus cannot be segmented properly; however, if we use the edge to locate the boundaries, with an appropriate initialization, the inhomogeneity within a large nucleus or nuclear group will not affect the parcellation. The rest of the paper is organized as follows: Section 2 introduces our method in detail; Section 3 shows the experiment on real subjects using our method; and finally Section 4 concludes the paper and discusses future work.
METHOD
In this work, we segment four nuclei or nuclear groups on each side of the thalamus: the anterior nuclear group (AN), the medial dorsal nucleus (MD), the ventral nuclear group (VN), and the pulvinar (PUL). A background (BG) label is also used. These four nuclei are selected because they have been reported to be visible in DTI, and have been manually segmented using a protocol that we previously developed. 11 Their relative relationship is shown in Figure 2 (a). In this section, we first introduce the mapping of the PEV into the 5D Knutsson space 10 and the generation of the edge map. Then we describe the MGDM framework, the initialization, and the design of the forces that drives the evolution of the nuclei. Forces such as advection force, region force, balloon force, and curvature forces are used, and the role of these forces will be made explicit.
Mapping PEV into Knutsson Space
The PEV indicates the primary diffusion direction. It has been assumed that the PEV's exhibit orientation differences in different nuclei. 8, 9 However, since the PEV is an orientation rather than a direction, two opposite PEV's, for instance
(1, 1, 1) and
(−1, −1, −1), are equivalent. To address this ambiguity, for a PEV, u = (u 1 , u 2 , u 3 ), we map it into the 5D Knutsson space using the following formula.
This transformation maps the two 3D vectors with identical orientations to the same 5D vector and eliminates the ambiguity. With the 5D vector, we are able to compute an edge map of the orientation. First we estimate the gradient matrix G by applying a finite difference operator, and then the Frobenius norm of G, i.e. ||G|| F , are taken to get the edge map. 11 An example of the edge map in the thalamus is shown in Figure 3 (a).
MGDM
MGDM is a multiple object segmentation framework that guarantees no object overlap or gaps between objects. It can apply the forces that are conventionally used in geometric deformable models. 9 Moreover, MGDM can apply these forces on the specific boundaries between designated objects rather than a uniform force on the whole boundary of each object, as shown in Equation 2.
Here φ i,j is the level set function for the boundary between a certain object pair of interest, i and j. κ is the curvature, f reg:i,j and f bal:i,j stands for the region force and the balloon force respectively, and f adv:i,j is the advection force. We will take advantage of this capability by designing the forces for these specific boundaries. Besides, it is computationally efficient since it evolves only three distance functions and three label functions in 3D. 9 As shown in Figure 1 and 2(a), the thalamic nuclei are disjoint objects that comprise the thalamus, thus MGDM is ideally suited for the thalamic parcellation task.
Initialization
To initialize MGDM, we use a single-atlas registration strategy. A manual delineation of the four nuclei was performed on one subject. Then for each subject to process, a manual mask of the thalamus is generated with the FA map according to a published protocol, 11 and the manual delineation of the nuclei is affinely registered to the target with respect to the thalamus using the corresponding MP-RAGE images. An example of the initialization is shown in Figure 3 (b) and it is overlaid on the edge map in Figure 3(c) . We can see that the initialization is located in a reasonable place yet requires further refinement to achieve a good segmentation.
Force Design
In order to refine this initial alignment of thalamic nuclei, forces that will position the objects and their edges according to the underlying data must be designed. The generalized gradient vector flow (GGVF) f GGVF is calculated from the edge map by solving Equation 3.
where g(|∇f |) = e −|∇f |/K , h(|∇f |) = 1 − g(|∇f |), and v is the gradient field of the edge map. 12 The GGVF plays a major role in our method, because it is the force that utilizes the underlying DTI data to drive the boundaries of the nuclei as the advection force. Besides the GGVF force, a region force f reg is used to ensure the collection of nuclei to fill the thalamus; a balloon force f bal on the MD enables the nucleus to grow in order to be influenced by the GGVF force; and finally a curvature force κ is applied to preserve smoothness. A diagram of the forces on each nuclear boundary is shown in Figure 2(b) for overview. The application of these forces in the MGDM framework are to be introduced in detail in the following paragraphs.
As mentioned above, MGDM can apply different forces on the boundaries between different object pairs. Here we denote the force on the boundary between object i and j as f i,j , where i, j ∈ {BG, AN, MD, VN, PUL}. The GGVF force is applied on each boundary between the nuclei as the advection force f adv:i,j , i.e.,
An example of the GGVF is overlaid on the edge map axially and is zoomed in at a selected edge in Figure 3(d) . The GGVF vectors are projected onto the slice. The GGVF force points to the edges and therefore drives the nuclear boundaries toward the PEV edges. In addition to the evolution of the boundaries between different nuclei, we also need to move the nuclear boundaries so that the sum of all nuclei occupies the whole thalamus. A region based force is thus applied on the boundaries between each nucleus and the background using the thalamus mask. If a voxel x on the boundary is inside the thalamus mask I thal , the force expands the boundary; and if x is outside the mask, the force makes the boundary shrink. Thus the region force at the voxel x, f reg:i,j (x), can be written as follows.
α, if i or j = BG and x ∈ I thal −α, if i or j = BG and x / ∈ I thal 0, otherwise (5) Apart from the forces above, we observe that for the MD, it is necessary to apply a small balloon force on the nucleus to grow it close enough to the edges to be influenced by the GGVF force. Without such a force, the MD sometimes stays still or even shrinks due to the curvature force. Therefore, a balloon force is applied A specifically on the MD as below.
Finally, a curvature force κ is used on every boundary as a smoothing force.
EXPERIMENTS

Data Acquisition and Pre-processing
The MP-RAGE and diffusion weighted images (DWI) were obtained on a 3T MR scanner (Intera, Philips Medical Systems, Netherlands). The DWI were acquired using a multi-slice, single shot EPI sequence. Each sequence had one b0 image and used 30 gradient directions. The DWI were then co-registered to corresponding MP-RAGE images. Both of them were resampled to the resolution of 0.828125 mm isotropic. The diffusion tensors were estimated using CATNAP. 
MGDM Results
Experiments were carried out on 5 subjects (3 patients and 2 controls). A 3D rendering of a result is shown in Figure 4 . The cross section on a representative slice is overlaid on the edge map in Figure 3 (e), where we can see that the boundaries between nuclei sit on the edges. Furthermore, the contours of each nucleus is overlaid on the MP-RAGE in Figure 5 (a), where it can be confirmed that conventional anatomical MR images such as MP-RAGE do not provide sufficient contrast for the thalamic parcellation; the contours are then shown with the PEV's projected onto the plane in Figure 5 (b) to show the homogeneity in the segmented nuclei. It should be noted that the VN is a large nuclear group that is composed of smaller nuclei such as the ventral anterior, the ventral lateral, and the ventral posterior nucleus. Thus the orientations of the PEV's in the VN are more heterogeneous than in the other three nuclei. We have also made quantitative comparison with manual delineations generated according to the protocol mentioned previously.
11 Note that although both patients and controls are included in the test, we do not discriminate between them in the analysis of our method. The Dice coefficient is computed using the following formula.
where X represents our results and Y stands for the manual delineations, and | · | stands for the volume. The average surface distance (ASD) was also calculated, and is shown together with the Dice result in Table 1 . The Dice coefficient indicates a good overlap with the manual segmentations; and the ASD shows that the boundaries of our results are close to those of the manual results. Moreover, in the work of Fan et al., 11 it was reported that the average Dice coefficients between the four raters for the AN, MD, VN, and PUL were 0.323, 0.644, 0.763, and 0.556. Compared with these numbers, the average Dice coefficients in Table 1 shows that our segmentations are comparable with the manual work. Some of the numbers are much better partly because we use the same thalamus mask obtained from the manual delineation. In sum, the numbers demonstrate that the parcellation results agree with the manual delineations. 
CONCLUSION
In this work, we presented a method for the thalamic parcellation. An MGDM framework is used with the information of the fiber orientation, which is represented by the PEV. Since the PEV is an orientation, we map it into the 5D Knutsson space to eliminate the directional ambiguity and then calculate the edge map. Then the GGVF force is obtained from the edge map to drive the boundaries between the nuclei, together with other refining forces. Experiments on real subjects measuring the Dice coefficient and the average surface distances show that our results agree with the manual delineations of the nuclei. Future work will include the application of the method on a larger cohort and will include a finer parcellation involving more thalamic nuclei.
